There is an increasing number of wrist blood pressure measurement devices that successfully passed the validation procedures of the British Hypertension Society (BHS) and the European Society of Hypertension (ESH). It remains unknown, however, whether pulse pressure as a marker of arterial stiffness and vascular ageing affects the accuracy of these devices. An ESH protocol validated wrist device was compared with the upper arm mercury sphygmomanometry in a study population (33 patients, 99 measurements) including a relevant number of subjects with pulse pressure 450 mm Hg (84.8%) and isolated systolic hypertension (27.3%). Mean systolic bias was 10.2 mm Hg with 95% limits of agreement of À13.1 and 33.6 mm Hg, mean diastolic bias was 4.8 mm Hg with limits of agreement of À11.0 and 20.7 mm Hg. The impact of body mass index, age, systolic blood pressure and pulse pressure on the absolute value of blood pressure bias was tested by stepwise multiple regression analysis. The systolic bias significantly depended on pulse pressure, whereas there was no significant effect of the independent variables on the diastolic bias. Separate correlation analysis showed a significant correlation between pulse pressure and both absolute systolic bias (Pearson r ¼ 0.48, Po0.001) and relative systolic bias (systolic bias divided by systolic blood pressure, Pearson r ¼ 0.29, P ¼ 0.003). Even wellvalidated wrist blood pressure devices can show a clinically relevant bias in patients with elevated pulse pressure. Increased arterial stiffness may impair the accuracy of oscillometric blood pressure measurement at the wrist.
Introduction
Home blood pressure measurement has a stronger predictive power for cardiovascular mortality than office blood pressure screening. 1 Oscillometric automated blood pressure measurement devices have markedly simplified blood pressure self-monitoring, and a lot of devices have proven high accuracy in validation procedures according to the British (British Hypertension Society, BHS), European (European Society of Hypertension, ESH) or US (Association for the Advancement of Medical Instrumentation, AAMI) protocols. [2] [3] [4] Among these home blood pressure measurement devices the wrist monitors have gained increasing popularity. These devices are small, easy to handle and can be used without the need to undress. Therefore, especially elderly people tend to prefer wrist blood pressure measurement monitors to the upper-limb devices.
Initially, there was a lack of wrist devices that have been validated by international protocols. In recent years, however, there is an increasing number of wrist devices that fulfilled the required accuracy criteria of BHS, ESH and AAMI. Validation with these protocols examines the degree of agreement between clinical readings from the automated monitor and those on a mercury sphygmomanometer, still widely accepted as the gold standard for non-invasive blood pressure measurements. The accuracy of wrist blood pressure monitors strictly depends on the correct use of the device, including positioning of the cuff on heart level and avoidance of palmar flexion and extension. We have observed, however, that-even though properly used-wellvalidated wrist devices show a marked bias in elderly patients with advanced atherosclerosis and increased pulse pressure. Pulse pressure depends on vascular stiffness and may be regarded as a footprint of vascular ageing.
In this study we examined the impact of pulse pressure on the accuracy of an ESH-validated wrist blood pressure measurement device in a study population including a relevant number of subjects with pulse pressure 450 mm Hg and isolated systolic hypertension.
Methods

Study population
As proposed by the ESH criteria, 33 subjects were included in the study. 3 There were 20 female and 13 male probands (60.6 vs 39.4%). Nineteen participants (57.6%) were normotensive, 14 (42.4%) were hypertensive and 9 (27.3%) had isolated systolic hypertension. A total of 28 subjects (84.8%) had a pulse pressure 450 mm Hg. Mean age was 59.2±14.9 years, mean body mass index (BMI) was 27.9±4.6 kg m À2 . Systolic blood pressure was 135.8 ± 23.2 mm Hg, diastolic blood pressure was 77.0 ± 12.5 mm Hg, resulting in a mean pulse pressure of 58.8±17.1 mm Hg. The characteristics of the study population are summarized in Table 1 . Informed consent was obtained from all the probands.
Protocol
Overall, 99 measurements were performed in 33 subjects with a wrist blood pressure monitor and with an upper-arm reference device. The wrist device was an automated oscillometric blood pressure monitor with standard cuff size range of wrists from 13.5 to 19.5 cm (Omron RX-Classic, Omronmedizintechnik, Mannheim, Germany). The device was validated according to the ESH protocol. 3 Exclusion criteria were defined to be cardiac arrhythmia (atrial fibrillation, frequent extrasystoles), age o18 years, inability to declare informed consent for participation, a history of upper limb trauma or upper limb arterial stenosis and wrist circumference o13.5 or 419.5 cm. All the measurements were performed by the same two trained observers. The team had experience in validation procedures according to both BHS and ESH protocols. 5 Before the study's measurements, agreement of readings of observers was shown to assure the validity of measurement results as published previously. 5 A calibrated mercury sphygmomanometer (Erkameter 3000, Erka Kallmeyer Medizintechnik, Bad Tö lz, Germany) was used as reference device. Arm circumferences were measured and recorded to allow correct choice of cuff size. The measurements took place in a quiet room with an ambient temperature of 20-22 1C. Subjects had to rest seated for at least 5 min before the measurement procedure was initiated. The two observers were blinded to each other. Mercury readings were taken by one mercury column and a two-person stethoscope with a Y-connector. To avoid venous congestion and to minimize variability in blood pressure, the time between measurements was determined to be 30-60 s. Wrist blood pressure measurement was performed according to the generally accepted recommendations: The cuff was held midway between jugular notch and xiphoid process. 6 Before beginning the measurements, the observers excluded palmar flexion or extension of the wrist. All the measurements were performed at the same arm of the subject. Readings were noted and differences between device and observers were determined.
The measurement procedure was performed as follows: The impact of age, BMI, systolic/diastolic blood pressure and pulse pressure on the absolute value of the systolic and diastolic measurement bias was analysed by stepwise multiple linear regression analysis. Furthermore, the association of pulse pressure and absolute/relative measurement bias was analysed by correlation analysis. Pearson r and P-value (two-tailed) are reported. Po0.05 was regarded significant.
Results
Measurement procedures with the automated wrist device were successful in all the 33 probands. Table 2 . The variable 'pulse pressure' was included in the model with a standardized b-coefficient of 0.485 and a T-value of 5.43. Analysis of variance testing for the acceptability of the model showed that the variation accounted for by the model is described by an R-value of 0.485, R 2 of 0.235 and an F-value of 29.52 (Po0.001). The null-hypothesis that there was no impact of pulse pressure was rejected with Po0.001. Systolic blood pressure (P ¼ 0.184), age (P ¼ 0.244) and BMI (P ¼ 0.489) were excluded.
Stepwise multiple linear regression analysis with the absolute diastolic bias as dependent variable and age, BMI, diastolic blood pressure and pulse pressure as independent variables showed no significant impact of the independent variables on the dependent variable (P40.05 each). As there is the possibility of multicollinearity between systolic/ diastolic blood pressure and pulse pressure, a univariate correlation analysis of pulse pressure and both absolute and relative measurement bias was added. The results are shown in Figure 2 . As indicated by the regression lines there was a significant correlation between pulse pressure and systolic bias (Pearson r ¼ 0.48, Po0.001). The correlation remains significant for the association of pulse pressure and the 'relative systolic bias' (systolic bias divided by systolic blood pressure) with a Pearson r ¼ 0.29, P ¼ 0.003. As evident in the figure, there is no correlation between pulse pressure and diastolic absolute/relative blood pressure. Pearson r is À0.10 (P ¼ 0.33) for the absolute diastolic bias and À0.15 (P ¼ 0.13) for the relative diastolic bias.
Discussion
Ageing is associated with increasing vascular stiffening and reduced large artery Windkessel function. 7 Thus, systolic blood pressure gradually increases in the course of life, whereas diastolic Absolute systolic bias (absolute value of the difference between device and the mean of observers A and B) was defined as dependent variable; systolic blood pressure, pulse pressure, age and body mass index (BMI) defined as independent variables.
Pulse pressure and wrist devices TH Westhoff et al blood pressure starts falling again in the sixth life decade, leading to a rise of pulse pressure and isolated systolic hypertension. 8 The extent of pulse pressure may be regarded as a footprint of vascular ageing. Isolated systolic hypertension is the most common form of hypertension in the elderly. 9 The present study population included a relevant number of subjects with increased pulse pressure and isolated systolic hypertension. Although the device has proven sufficient accuracy in a validation procedure according to the ESH protocol, it showed a clinically relevant bias in the present study population. The multiple regression analysis shows that the systolic bias depends on pulse pressure. With regard to a potential intercollinearity between systolic pressure and pulse pressure, we additionally performed a correlation analysis of the association of pulse pressure and both absolute and relative systolic measurement. The correlation is highly significant for the association of systolic measurement bias and pulse pressure, and remains significant for the 'relative systolic bias' (systolic bias divided by systolic blood pressure). Thus, the effect of pulse pressure on the measurement bias cannot be attributed merely to the extent of systolic blood pressure.
Stiff arteries can lead to an overestimation of noninvasively assessed systolic arterial pressure. This phenomenon is of particular relevance for oscillometric devices. 10 Accordingly, the positivity of the bias values in the Bland-Altmann analysis of this study show a significant trend to overestimate both systolic and diastolic pressure. In contrast to the brachial artery at the upper arm, the anatomical site of the radial artery medioventral of the distal radius bone impedes homogenous circular compression by a cuff. This limitation of wrist blood pressure monitoring might be of particular importance in arteries with advanced atherosclerosis.
In the upper arm auscultatory sphygmomanometry, the brachial artery is occluded by a cuff and inflated to above systolic pressure. As it is gradually deflated, pulsatile blood flow is re-established and accompanied by Korotkoff sounds. The appearance of clear tapping sounds (phase I) is regarded to correspond to systolic pressure, the disappearance of sounds (phase V) is regarded to correspond to diastolic pressure. 11 Wrist blood pressure monitors, however, work oscillometrically. It was shown that when the oscillations of pressure in a cuff are recorded during deflation, the point of maximal oscillation corresponds to the mean intra-arterial pressure. Systolic and diastolic pressures can only be estimated indirectly according to the empirically derived algorithms. The amplitude of the oscillations, however, depends on several factors other Pulse pressure and wrist devices TH Westhoff et al than blood pressure, most importantly the stiffness of the arteries. Thus, in older people with stiff arteries and wide pulse pressures, the mean arterial pressure may be significantly biased. Furthermore, it has to be taken into account that systolic and diastolic pressures vary substantially in different parts of the arterial tree. In general, the systolic pressure increases in more distal arteries, whereas the diastolic pressure decreases. 12 Guidelines of validation procedures of BHS, ESH and AAMI recommend inclusion of subjects according to the predefined categories of systolic and diastolic blood pressure. Pulse pressure, however, is not considered in the inclusion criteria. This study is limited by the fact that only one wrist device was tested. If the findings can be confirmed with other wrist devices, our data suggest that there may be a relevant bias of wrist blood pressure measurement in patients with advanced atherosclerosis and isolated systolic hypertension. These patients might not be adequately represented by current validation protocols.
